The three isomeric hydroxybenzoic acids were subjected to all-valence-electron CNDO/2 calculations. The cr-core charges from these calculations and subsequently revised valence-state ionization potentials and one-centre two-electron integrals were used in Pariser-Parr-Pople (PPP) CI calculations for the title compounds following the Nishimoto-Forster scheme to explain their electronic spectra. The spectra were all recorded in aqueous media. The results from the CNDO/2 calculations were used to obtain useful electronic structural parameters and to study the chemical reactivity of these molecules. All the results were compared with the basic compounds, namely phenol and benzoic acid.
Introduction
Among the hydroxybenzoic acids, the ortho isomer seems to have been studied quite extensively from both the experimental and theoretical point of view [1 -5] . However due attention was persistently lacking in the case of the other two isomers except a recent work [6] . Attempts have been made to explain the electronic spectra of substituted benzene derivatives using semiempirical SCF LCAO-MO Pariser-Parr-Pople (PPP) method [7] . However similar studies on disubstituted benzene derivatives containing both electron withdrawing and electron releasing groups are limited [8] . Hydroxy benzoic acids belong to this class.
The electronic spectra of different isomers of hydroxy benzoic acids have been reported by various authors [4, 5] . However no attempts have been made so far to assign the electronic transitions quantitatively. In the electronic spectral analysis of nitrobenzene by Gordon and Neumer [8] a new dimension has been given to the conventional PPP method [7] . The data on o-charges obtained from CNDO/2 and ab initio calculations were used successfully in the PPP-CI studies of nitrophenols and cresols [9, 10] .
The effect of substituents on various physical properties and reactivities of organic molecules has been discussed extensively in recent years. Substituent effects arise due to two reasons-electronic and steric. A knowledge of the electronic structure is vital in order to explain the electronic component of the substituent effects of the concerned molecule. In this context semi-empirical quantum chemical methods play a useful role. In the electronic structure studies the CNDO/2 method has been used in combination with ab initio calculations [11 -19] . The electronic structural parameters available from CNDO/2 calculations for the type of molecules treated here have been demonstrated to be quite reliable and comparable to ab initio results [20] . Another reason for taking up the present study is that in an earlier work [21] on the benzoate ion it was indicated that both the carboxylate and carbonyl groups would behave identically as far as their orientation effects are considered. In this paper light is thrown on the actual state of affairs. We are reporting the results of CNDO/2, CNDO/2 based PPP-CI and conventional PPP-CI calculations on the three isomeric hydroxybenzoic acids along with their basic molecules, namely benzoic acid, phenol and the benzoate ion.
Method of Calculations
For the CNDO/2 calculations the standard program [22] was used. For PPP-CI calculations a program written by the authors in Fortran IV was employed. The geometry of these molecules for PPP-CI and CNDO/2 calculations was based mainly 0340-4811 / 82 / 1000-1185 $ 01.30/0. -Please order a reprint rather than making your own copy.
on the recent X-ray reports (vide Figure 2) . However the bond lengths and bond angles in the phenyl part of these molecules have been taken to be uniformly constant. In case of the benzoate ion, the two carbon-oxygen bonds have been considered to be of the same length namely the average of the -C = 0 and -C (C) -OH bonds.
The PPP-CI procedure adopted here is identical to that used in our earlier works [8] . Again instead of the integral a-core charges (conventionally used in PPP method), more realistic ones deduced from the all valence electron CNDO/2 were employed. The new o-core changes (Fig. 1) are evidently different from those one would have chosen in conventional PPP method. Since we were interested in the anions of these isomeric hydroxybenzoic acids, the o-charges available from the CNDO/2 were judiciously modified for the carboxylate group. The improvements obtained in the final results will become evident when the conventional PPP and the modified PPP results are compared later on.
The PPP-CI procedure employs the Nishimoto and Forster parameter scheme [13, 23] , which is found to be capable of reproducing spectral maxima and the relative intensities of mono-and poly-substituted benzene derivatives. For the two electron one center repulsion integral, we have used the formula suggested by Nishimoto and Mataga [24] . The ^-resonance integrals were transferred from similar molecules [13] and then modified by taking into account the n-bond orders available from our CNDO/2 results.
The valence-state ionisation potentials as well as the two electron-one-center repulsion integrals for the various atoms of non-integer o-core charges were obtained by linear interpolation of the corresponding +1 and + 2 parameters given by Nishimoto and Forster [13] . The a-electron parameters for the carbon atoms were derived similarly by using C +2 values given by Dewar and Morita [25] . All the jr-electron parameters used here arc summarised in Table 1 .
Experimental
The three isomeric hydroxy benzoic acids (Analar, BDH) were used after recrystallisation [26] . 
Conductivity water was used in preparing the solutions. The solutions prepared were protected by black cloth to avoid any photochemical reaction.
Results and Discussion
Electronic structure and reactivity:
The electron density distribution {n and o) and net charges on each atom of the three isomeric hydroxybenzoic acids coupled with their basic molecules (phenol, benzoic acid and benzoate ion) are given in Table 2 . Numbering convention and geometry used are in Figure 2 . The net charges (Tables 2 and 3 ) and Ji-bond orders (Table 4) calculated with the CNDO/2 and PPP methods for hydroxybenzoic acids are in good agreement.
The carboxyl group, when attached to a phenyl ring, has been known to be electron withdrawing and hence meta directing. The electron donating and consequent ortho-para directing capacities of the hydroxyl group have been well settled. The interplay of these two groups, when attached at different positions relative to each other on an aromatic nucleus, may lead to some interesting electronic, structural features. The following brief discussion is centered on these lines.
A hydroxyl group attached to a benzene nucleus is ortho-para directing. The results in Table 2 on phenol substantiate this fact. The positions ortho and para to hydroxyl group (C2, C6 and C4 in Fig. 2 ) are rich in ^-electron density and bear net negative charges. These results are in agreement with the ab initio calculations published elsewhere [19] .
A carboxyl group attached to a benzene nucleus is meta orienting. The results in Table 2 on benzoic acid clearly corroborate this fact. The positions meta to carboxyl group (C3 and C5 in Fig. 2 ) are rich in n-electron density and bear less positive charges compared to the other positions. These results also agree with the ab initio calculations available [19] . Product analysis also illustrates this.
Moser [21] in an early M. Ö. method obtained the charge densities of benzoate ion species to be meta > ortho > para and compared these values with the experimentally obtained isomer distribution for nitration of benzoic acid. Of the several methods employed in his study he found that the results obtained from only one of his methods tallied. Now, employing the CNDO/2 calculations we have found that this is not the case. Actually, the ^-electron population of various positions of benzoate ion indicates the order to be p>m>o ( Table 2 ). The reason is that the charged substituent appears to polarise the entire a-system, so that the 7r-charge changes gradually as the distance from the -COO^-) increases; this polarisation effect dominates over any contribution from the a-inductive and mesomeric effects.
In ortho-hydroxybenzoic acid (salicylic acid) molecule the directing properties of the two substituents (OH and COOH groups) reinforced each other. As a result of this the positions C4 and C6 (ortho-meta to hydroxyl and para-meta to carboxyl respectively) possess excess Ji-electron density and bear net negative charges definitely higher than those found in identical positions in phenol and benzoic acid molecules. The positions C3 and C5 (meta to hydroxyl and ortho-para to carboxyl respectively) are, as expected, deficient in Ti-electron density. The total Ji-donation to the molecule as a whole is -0.017 e.s.u. which is less compared to phenol (-0.57) but more than benzoic acid (0.039). From the reactivity point of view the positions C4 and C6 may be readily available for aromatic electrophilic attack and C3 and C5 for Figure 2 .
aromatic nucleophilic attack. It is known that, among the three isomeric hydroxybenzoic acids, only ortho isomer exhibits strong intramolecular hydrogen bonding -a piece of work which has been studied extensively [1, 2 and 3] . Our present calculation also supports this view accounting the difference in charges found on the hydroxyl hydrogen (H17) and carboxyl oxygen (08) atoms compared to meta and para isomers ( Fig. 2 and Table 2 ). In meta hydroxybenzoic acid the orienting effects of the carboxyl and hydroxyl groups do not superimpose. Our calculations show that ( Table 2) positions C2, C4 and C6, ortho-para to both the hydroxyl and carboxyl groups, have excess Ti-electrons and bear negative charges. The position C5 (meta to both carboxyl and hydroxyl) is positively charged showing depletion of .T-electrons. These results show that the influence of the hydroxyl group is more pronounced than that of the carboxyl group. This is also borne by the fact that the total OT-electron donation is found to be -0.027 esu. This value is more negative than the ortho isomer ( -0.017 esu) where the ortho-para directing effect of the hydroxyl group is aligned with the meta effect (electron withdrawing effect) of carboxyl group. The electron withdrawing effect of carboxyl group is much pronounced at C4 , which hence bears least negative charge. Considering reactivity, the positions C2, C5 and C4 are available for elctrophilic attack in the descending order. Of course, the position C5 naturally prefers nucleophilic attack. The reinforced orienting effects of the hydroxyl and carboxyl groups do operate in para isomer like ortho isomer. Consequently, the positions C2 and CG (ortho to hydroxyl and meta to carboxyl) are rich in 7i-electron density and show a net negative charge ( Table 2 ). The positions C3 and C5 (ortho to carboxyl and meta to hydroxyl) are deficient in .T-electron density and bear net ( + ) -ve charges. The total n-electron accession to the phenyl ring is found to be -0.031 esu which is most negative among the three isomers. Thus in para isomer polarization of the ^-electrons of the ring, is more efficient (compared to both ortho & meta forms) in relaying the dipolar nature of the substitutents to the reaction centre. As far as reactivity is concerned the positions C2 and C6 are obviously prone to aromatic electrophilic attack and C3 and C5 for aromatic nucleophilic attack.
A comparison of the reactivity of all the three isomers, based on the electronic structure, reveals that the para isomer is most reactive to an electrophilic attack. This is so because, only in the para isomer, the ortho positions of hydroxyl group are farthest from the carboxyl group. In fact, the ortho-positions (C2 and C6) of the para isomer and the para position (C4) of the ortho isomer appear to be more reactive than the corresponding positions in the basic phenol itself. (c) The experimentally observed absorption maxima and their intensities for hydroxybenzoic acids in ethanol and at pH 7 (by L. Lang) and in water (by the present authors).
Electronic Spectra -An Analysis
As mentioned earlier (vide method of calculation) , it is assumed that for the PPP-CI procedure (conventional as well as modified) that the -COOH group is 100°/o ionised. This of course is a valid assumption, as there is a fair agreement between the theoretical and experimental data. However, in both the experimental results, all the theoretical peaks are not well reproduced. In water, some of the peaks are out of scale, hence not attempted to record. A reasonable assignment of the absorption bands observed for the three isomeric hydroxybenzoic acids, based on our PPP-CI study is given below.
The electronic absorption spectra of p-hydroxybenzoic acid (at pH 7 in 1:1 phosphate buffer/ methanol) consists chiefly three bands at 284, 246 and 208 nm. The configuration interaction study assigns the band at 284 nm to be due to a transition involving bonding molecular orbital consisting mainly the phenolic part (xJT) and the antibonding orbital, made up of the carboxylic part of the molecule (2^*) • The band at 246 nm may be due to transitions between:
(1) the bonding orbital consisting mainly of the phenyl part of the molecule (3n) and The absorption spectrum of the meta-isomer also gives three bands centered at 290, 250 and 208 nm in the same medium as the para-isomer. These bands appear to suffer a slight red-shift from the paraisomer. The assignments of the first two bands are akin to those of para-isomer. However the low energy one at 302 nm may be due to a charge transfer band. The band at 208 nm differs from that of para-and is given an assignment involving mainly the transitions <-tJi and ^n* -3n. The absorption spectrum of the ortho isomer is quite interesting and useful correlations based on the spectral results are available in the literature. The ortho-isomer also gives chiefly 3 bands centered at 325, 235 and 205 nm. There is a very large red shift for the lower energy band in comparison with the other two isomers. The observed red-shift may be mainly due to the perturbation of the -OH group, due to the intramolecular hydrogen bonding, the effect of which is spread over the entire molecule [27] . In the 2ji* <-jSi transition, the excited state gets more stabilised and thus involving a shift to longer wave lengths. An identical band is present in the ortho-nitrophenol [17] . The assignments of these bands are similar to those in the other two isomers, however the 205 band arises due to and 2 7l *~*-<7l 2-The 214 nm band requires further study.
Thus in the electronic spectra of the three isomeric hydroxybenzoic acids there is an overall tendency for red shift from para through meta to ortho.
Thus from this theoretical study of hydroxybenzoic acids and their basic compounds it can be concluded that the electronic distribution and therefore the reactivity chiefly depends on the nature of the -COOH group. The orientation and substituent effects of the -COOH and -COO^-) groups are evidently different. However, the observed electronic absorption spectra of the hydroxybenzoic acids do not change drastically even if the molecule assumed to be is completely ionised and one carries out the calculations for the resultant hydroxybenzoate ions involving a less tedious procedure.
